 A numerical approach is presented for computing the macroscopic permeability of fibrous porous media taking into account for various fiber types in hexagonal arrangement. A model based on Lattice Boltzmann Method(LBM) for viscous, incompressible flow through a regular array of fibers is employed for predicting the permeability of this media. The effect of porosity on the macroscopic permeability is studied. Such microstructure parameter as fiber shape is varied. The results show that the fiber shape significantly affects the permeability of this media in different porosity.
INTRODUCTION
Different from general porous media, fibrous porous media is usually solid-void mixtures with the solid fibers. Fibrous porous media with some unique properties have a variety of applications [1] [2] [3] [4] . Among the applications, fibrous materials always serve as media, which allow air, vapor, particles, liquids, or heat to transfer through. Therefore, it is of great importance to understand the transport mechanisms in fibrous materials. However, the transport properties in fibrous media are very complex due to complicated microstructure of media. Generally, the flow behavior in fibrous media is modeled by Darcy's law [5] , which linearly relates the average velocity in the media with the pressure gradient, viz.
where  is e the viscosity of the fluid, k is the permeability of the media, P  is the pressure gradient, u is the average velocity. The permeability k lumps all the complex interactions between fluid flows and fibers.
Prediction of the permeability of fibrous media dates back to experimental work of Sullivan and theoretical works of Kuwabara [6, 7] . Some analytical and numerical studies about permeability of fibrous media have been performed [9] . When traditional Navier-Stokes equation is used to simulate the pore-scale flow in fibrous media, it is often faced with the extensive computational time, poor convergence, and/or numerical instability. In recent years, the lattice Boltzmann method (LBM) has emerged as an alternative tool to investigate flows through a complex geometry [8] .
It is known that the microstructure of fibrous media strongly influences the permeability. Our literature survey indicates that the majority of the existing studies are the permeability of fibrous media with circular, ellipse and square cross-section. In this study, the fibrous media with periodic arrays of parallel fibers (with circular, ellipse, square, rectangle, cross cross-section) perpendicular to the flow direction are considered and studied based on Lattice Boltzmann Method(LBM). The models of fibrous media are described in Section 2. In Section 3, the effects of shape as well as porosity on the macroscopic permeability of the porous media are discussed in detail. The paper is concluded in Section 4 with a summary.
MODELS OF FIBROUS MEDIA
In this study, the fibrous media is made up of straight fibers with different cross-sectional shape. All the fibers are impermeable and the flow exists in the void pores between fibers. Following other researcher, the fibrous media is represented by a unit cell which is assumed to be repeated throughout the media [9] . In this study, the radius of the circular fiber, the half side-length of square, the major length of ellipse and the half length of rectangle were kept constant and equal to 40 lattice units in a domain of
, where L was varied to yield a medium of porosity between 0.1 and 0.8. The fiber with cross-shaped cross is constructed by combining two same rectangle fibers. Fig.1 depicts the schematic of the computational domain unit cell with periodic boundary conditions on both sides; the gray color identifies the simulation domain. Due to the invariance of the domain geometry under translation in the z-direction, a fully 3D simulation can be achieved with a domain 1 lattice unit thick in that direction by using periodic boundary conditions [5] .
LATTICE BOLTZMANN METHOD
In recent years LBM has been developed to an alternative numerical scheme for fluid flow simulation. The LBM involves the solution of the discrete Boltzmann equation for the particle distribution function. In the LBM, the fluid is imagined as a set of "fluid particles" moving and interacting on a lattice according to simplified and relevant rules. Starting from an initial state, at each time step the particle distributions propagate from one lattice node to the neighboring ones, and redistribute themselves locally subject to the conservation of mass and momentum.
In the present work, three-dimensional fluid flow was simulated in fibrous porous media using LBM, an implementation of the single-relaxation-time (SRT) LBM on a D3Q15 lattice [5] . The lattice is a discrete representation of physical space which is a three-dimensional cubic in the present case. At any time t, fluid mass can propagate from a node with position r to any of its six orthogonal neighbours or eight long-diagonal neighbours, or it can remain at the present node. The LBM involves the solution of the discrete Boltzmann equation for the particle distribution function where traditional fluid flow quantities such as density and velocity are obtained through moment sums [10] .
In the implementation of the LBM adopted in the present work, flow is driven by imposing a constant, uniform body force G on the fluid at every point, which is physically analogous to a gravitational force acting on the fluid [5] . The halfway bounceback method was used to implement the solid wall boundary condition [10] .
In this study, the working fluid has the properties of water at 20℃: kinematic viscosity through the porous medium can be obtained allowing the permeability of the medium to be calculated using the Darcy law. Here, in order to comparing different shapes, the permeability will be normalized with respect to the obstacle length Lp [11] , which is defined as Lp= 4*area/circumference (2)
RESULTS AND DISCUSS

Effect Of Aspect Ratio On The Permeability Of Hexagonal Packing Of Ellipses
In this subsection the effect of aspect ratio, a/b on the normalized permeability of hexagonal packing of ellipses is investigated. The variation of permeability for a wide range of aspect ratios at different porosities is shown in Fig.2 . The increasing rate of permeability is slowly with the increase of porosity while the aspect ratio decreased. It is observed (especially at high porosities) that by increasing the aspect ratio the permeability increases. In fact, the case of high aspect ratio at high porosity represents the flow between parallel plates. Fig.3 . showed the variation of permeability for a wide range of aspect ratios at different porosities. From Fig.2 and Fig.3 , we observed that there is same effect of aspect ratio on the permeability of fibrous media such as hexagonal packing of rectangles and hexagonal packing of ellipses. However, the normalized permeability of hexagonal packing of rectangles is lower than the normalized permeability of hexagonal packing of ellipses at same porosity and aspect ratio. 
Effect Of Aspect Ratio On The Permeability Of Hexagonal Packing Of Rectangles
Effect Of Shape On The Permeability Of Hexagonal Packing
In this subsection, we investigated the permeability of fibrous media with different fiber shape in hexagonal configuration. In Fig.4 and Fig.5 , the normalized permeability was shown as function of porosity for different shapes. We observed that circles have the lowest and ellipses the highest normalized permeability. At low porosities the shape of particles did not affect much the normalized permeability, but at high porosities the effect was more pronounced. 
CONCLUSIONS
The permeability of fibrous porous media is an important property that characterizes the transport properties of porous media. However, its determination is difficulty due to its complex microstructure. Using an appropriate representative volume element, transverse flow in aligned, periodic fibrous porous media has been investigated based on LBM. In all of our simulations, the total pressure drop has been chosen small, such that we are always in Darcy's regime (creeping flow). In particular, the effects of different parameters including fiber shape, aspect ratio on the normalized permeability are measured and discussed in detail.
